was enthralled by them and by their work and, with the encouragement of E. D. Adrian, he decided not to take the clinical part of the medical course but Part II Physiology and afterwards to devote himself entirely to physiological research. He never had the slightest regret about this decision. Later he said that everything in physiology came easily to him, the various parts of the science fell naturally into place and, unlike his experience in other studies, he rarely forgot a significant fact. He was, as can well be imagined, very successful in his undergraduate work, obtaining first class honours in both parts of the Tripos and becoming first an Exhibitioner and then a Scholar of Clare College. In Cambridge he formed close friendships in his college, in the 
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laboratory and in the various clubs to which he was elected, particularly in the Ray Club. He was for some time an enthusiastic member of the Cambridge University Mountaineering Club but finally resigned after calculating that the expectation of life for a member playing a full role in its activities was rather brief. He did, however, take part in a University expedition to Spitzbergen on which his principal aim was to study the persistence of physiological rhythms in continuous daylight. After his success in the Tripos Part II he was, to his great delight, accepted as a Ph.D. student supervised by A. L. Hodgkin and in 1954 he obtained his Ph.D. for a very significant piece of research on sodium and potassium movements in red blood cells. After Cambridge came a period of military service spent at the Chemical Defence Experimental Station at Porton Down. It was at this time that he married Hannah Schmeltzer whom he had met on a ship crossing the Channel. I asked her later if the meeting was very romantic and she said: 'Yes, but he absent mindedly ate my sand wiches.' Theirs was to be a very happy marriage and, by the time he came to the Marine Biological Association's Laboratory at Plymouth in 1955, Trevor Shaw had made a wise choice of a career and an inspired choice of a wife.
He and I were formally introduced by Sir Frederick Russell when I arrived there a few months later. It was a spring of unusually splendid weather and it seemed natural on the following days that we should spend our lunchtimes together eating Cornish pasties on Plymouth Hoe. I discovered that his enthu siasm and optimism about research were boundless and very infectious. He was clearly the complete opposite of the kind of person who believes there is no difficulty so great that it cannot be invented. By the end of my first week we were planning experiments together ashore and at sea. He spent 11 years in Plymouth, and this was perhaps the most productive period of his research life. Everyone there came to rely heavily on his judgement and knowledge and to take a great pride in having him as a colleague. More than a year after Trevor Shaw's death Dr J. Treherne said to me that when he had either an exciting result or an intractable problem his first thought was still 'I must talk to Trevor'. I still find myself saying this. He had some eccentricities but these made him all the dearer as a friend. They mostly arose from his simple belief, rare in a scientist, of a strict relation between cause and effect. If his car ran out of petrol, as it did quite often, he would be more concerned with the machine's failure to achieve a predicted ratio of miles to the gallon than with the several miles to walk over Dartmoor to the nearest garage.
In 1966, after some hesitation, Shaw left the Plymouth Laboratory to become a Professor in the Department of Zoology of Queen Mary College, London. His colleagues were uncertain as to whether or not this was a good and timely change. It seemed sad that his research work should be slowed in any way but everyone recognized that he was an inspiring teacher. The College quickly found that it had good reason to thank Professor Gordon Newell who had been largely instrumental in persuading Shaw to move. His enthusiasm for learning and discovery proved as infectious in his new environment as in the old and his breadth of knowledge and lucidity of exposition were greatly and widely
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Trevor Ian Shaw 361 appreciated by staff and students alike. It was soon apparent that he had an unselfish determination to take his full share or more than his full share of the 'chores' of a busy department and that there was little hope of his allowing others to relieve him of duties which he felt were properly his. The College, anxious that he should maintain the impetus of his research, generously allowed him to concentrate his teaching and other university duties so that he could continue his studies on the giant axon of the squid at Plymouth during Michaelmas Terms. He had, however, a passion for experiment and discovery that could only be satisfied by constant activity and, by spending long hours at research when his other duties in London were done, he branched into new fields of study, establishing strong working ties with engineers, mathematicians, physicists and chemists with all of whom he could converse freely about their own specialities. He was especially delighted with his collaboration with Dr David Gilbert, a young American who had come to the College to work with him. On the retirement of Professor Newell he preferred not to become the departmental head and he loyally supported Newell's successor, K. A. Simkiss, who for his part, as a good friend of Trevor Shaw and of science, tried to ease the burdens which he so readily placed on himself. Trevor Shaw was increasingly sought as a member of some of the more useful of the many committees formed by the scientific community. He served on the Councils of the Society for Experimental Biology, the Marine Biological Association and the Freshwater Biological Association and was a committee member of the Physiological Society and the British National Committees for Biology and Biophysics. In 1972 he represented the Royal Society on a delegation to the Japan Academy.
In appearance Trevor Shaw was middling in height and, apart from short periods of only transiently successful slimming, a little plump. He was amused, and perhaps pleased, in the Casino at Monte Carlo to overhear an American woman draw the attention of her daughter to himself and remark, in a far too audible whisper, 'Look, a gigolo!' The only possible, though inadequate, reason for her statement lay in the fact that he was dark complexioned with straight black hair and dark eyes.
Since he was open and not at all self-conscious he clearly showed the feelings which were uppermost in his mind. Often he seemed to be lost in his own thoughts and unaware of his surroundings and then neither his abundant goodwill for others nor his natural courtesy could displace the problem riveting his attention. His colleagues all remember discussions in which he successfully and sensibly answered questions for a very long period with a 'Yes' or a 'No' or 'How interesting' or 'What a good idea' before he realized with consterna tion, for he was the kindest of men, that he had not the slightest idea as to what the conversation had been about. When held in such a train of thought he would drive his car badly and had been known to take both hands from the steering wheel while drawing an imaginary circuit. Curiously enough, like a sleepwalker, he was not a serious danger to himself or to others partly because he then drove very slowly, often in an absurdly low gear. If startled from a 362 reverie he was quite likely to come to some striking but implausible explana tion of the disturbance. Once, for example, he asked indignantly: 'Who is shooting at us ?' when in fact a tyre had burst and the car difficult to control. Sometimes the concentration of his mind on a particular problem insulated him from everyday affairs and from disturbance but generally he could, and did, place his formidable powers of thinking hard about special difficulties quite freely at the service of his colleagues and students. Often his response to an appeal for help and advice did not end with the immediate discussion but was followed by many hours of serious thought and reading. It was perhaps for this exhausting generosity that he should have been most appreciated yet it was almost impossible not to value more highly the happy and effortless way in which he contributed a continuous flow of original ideas and suggestions for new experiments. There comes a time in any research when the problems seem rapidly to be growing more intractable and inspiration fading and it was here, as well as at the beginning of a new research, that Trevor Shaw was the most welcome of colleagues and when his remarkable gift had the greatest value. Not all of the ideas he advanced on such occasions were workable but to use an American expression he did succeed in 'hitting an extraordinarily large number of homers'. Together with several fresh and large views on any subject, he brought cheerfulness, enthusiasm and his belief that great things could be achieved and important discoveries were very close to hand. In his published work and public lectures he was a model of restraint and proper caution but he was always an optimist when busy with his experiments. During one particular study, it was a daily delight to listen successively to accounts of the same experiment from a constitutionally pessimistic collaborator and then from Trevor Shaw. The first would unwillingly concede that the experi ments appeared to have gone well and then go on to describe all the possible reasons why they would either prove impossible to repeat or turn out to have no significance. Trevor Shaw, with large objectives always in mind and perpetually hopeful, would see vistas of prosperous research opening up and the solutions of important problems as the most likely consequence. Of course neither was always right and both pessimist and optimist were often confounded by Sir Alan Hodgkin's rule that the results of research are hardly ever the best or the worst imaginable but generally only the dullest.
Shaw enjoyed his scientific successes and, since there was no tinge of envy in his make-up but only a strong desire to emulate those whom he especially admired, he enjoyed the successes of others equally with his own. He particu larly appreciated a neat solution to a problem and perhaps even more a bizarre or unexpected solution or analogy. This trait sometimes led him into trouble. One of his dearest friends, John Treherne, tells me that when in the Army he suggested to a very indignant senior officer that a pressing problem of measuring C 0 2 in the respiratory gases could be solved by 'playing a tin whistle to the rats'. The scientific solution he was advocating was sound but only the intervention of his colleagues saved him from a charge of serious insubordination. It was also characteristic that, while in the Army, he would not Biographical Memoirs claim the easy exemption from exceptionally tough exercises to which he was entitled but insisted on taking his full share of these exercises and other un palatable duties. One phrase he carried into civilian life from his Army days. This was that of a cadet, next day to be commissioned, who was seen eating fish and chips in the main street of Salisbury crying 'Chips today, pips tomorrow'. This became our cheerful equivalent of Nelson's 'A peerage or Westminster Abbey'. Once at sea as we were lowering some apparatus over the side of the research ship Sarsia I asked Trevor: 'What shall we do if this experiment succeeds ?' and typically he replied with a grin: 'Multiply everything by ten and try again.'
Like many other very able men Trevor Shaw was a curious blend of confidence and diffidence. He was completely unafraid of new methods and new ideas. His approach to any new machine was to read the instruction manual quickly, spend a short time testing the machine to make sure that it lived up to its specifications and then, in a way that seemed like magic to most people, to handle it with the confidence of someone who had spent a long apprenticeship in its use. He made exceptionally few mistakes with scientific gear. New ideas of all kinds were similarly quickly assimilated and it was always a great surprise to me, since I find that a long time has to pass before a new idea becomes part of my intellectual repertoire, to hear Trevor Shaw using, with complete confidence, a theory which I knew him to have learnt for the first time only on the previous day and sometimes within the previous hour. But for all this easy mastery of practical and theoretical science Trevor Shaw was sometimes the prey of doubts and quite unjustified despondency about the sum of his own achievement. These feelings went beyond those suffered by most creative people when they measure, with a reasonable distaste, their own work against the best of other men. Happily his outstanding abilities and generous and warm personality attracted respect and friendship and he was always surrounded by appreciative colleagues and devoted friends. He was doubly fortunate in having Sir Alan Hodgkin and Sir Frederick Russell as the two most important senior scientists in his life. Above all, his happiness and confidence rested on his wife Hannah for he was to an exceptional degree devoted to her and depen dent on her. He missed her companionship, balanced intelligence and unselfish love very greatly whenever they were apart. He was also fortunate in his chil dren Susan Cordelia and Caroline Imogen. They gave him great happiness and he delighted in their independent and resourceful spirits and was pleased when they wrote on their walls 'Prohibido prohibidir' (it is forbidden to forbid).
Trevor Shaw was completely content with his family and home and with his work and, since he felt he had done what he wished to do in life, he had to be persuaded to accept such honours as came his way. My last meeting with him was in my garden only a few months before his death. His spirit was quite unchanged from our first meeting 17 years earlier on Plymouth Hoe. Again he amused m e; this time with an account of a holiday, with his wife Hannah, tracing Hannibal's path through the Alps and of their efforts to find the true 364 origin of a certain elephant's tusk. He cheered me up about my own work and spoke enthusiastically of new experiments in which he was using an ingenious method to follow the movements of sub-cellular particles. He had the same boldness of ideas and the same high hopes and I thought, as so often before, that of all my close friends he was the one most likely to make a very great discovery. Sadly this was not to be. The memories of Trevor Shaw are not sad ones for he did live hopefully and always felt that the best times and greatest discoveries were still to come but all his friends were made poorer and were immeasurably saddened by his death.
S cientific work

Sodium and potassium movements in red blood cells
On finishing the Cambridge Tripos Part II in Physiology in 1951 Shaw stayed at the Physiological Laboratory as an M.R.C. student to do postgraduate work for the degree of Ph.D. He had the very good fortune to be supervised by A. L. Hodgkin and to begin research on biological membranes, a field for which his abilities were well suited and where his knowledge of physical chemistry could be fully deployed.
A remarkable feature of animals is that they maintain within their cells a salt composition very different from that of the tissue fluid which bathes these cells. Sodium, for example, is largely excluded from cells while potassium is greatly accumulated there. In the past it had sometimes been assumed that these concentration differences, generated at some early period in the cell's life, were maintained by an impermeability of the cell membrane. By 1951 this idea had been finally rejected, for work on a wide variety of tissues, including kidney, muscle, retina and brain, with radioactive tracers had shown that cellular sodium and potassium continually exchange with the ions in the environment. The work on muscle had been carried out in the Physiological Laboratory, Cambridge, by R. D. Keynes and P. R. Lewis and they gave Shaw a good deal of help and encouragement.
Once it was certain that cells were permeable to ions the problem of how they managed to retain or exclude them against their concentration gradients attracted wide interest. Shaw tackled this problem on red blood cells. A good deal of information had already been gathered on the cation permeability of red blood cells. It was known, for example, that in human cells the time course of the entry of radioactive potassium satisfied the kinetics of a first order reaction, with the specific activity of the cellular potassium eventually rising to within 2% of that of plasma. This meant that virtually all the potassium within such a cell is free to exchange. The results on sodium were less clear and there was evidence that a fraction of cellular sodium was extremely reluctant to exchange with plasma sodium. Another important discovery had been that potassium lost from human blood cells during cold storage could be reaccumulated and sodium discharged provided that the blood was warmed and glucose or some other appropriate source of energy added. The maintenance and regeneration Biographical Memoirs of the high concentrations of potassium and low concentrations of sodium seemed to depend on glycolysis but the selective effects of poisons and X-rays had shown that glycolysis was not alone in controlling the ionic composition of cells. The mechanisms controlling the fluxes of cations were known to be highly selective, ions of like size competing with each other to take part in the inward flux and ions of any one species having some limiting inward flux which tended to be reached as the concentration of the ion increased. These results although impressive nevertheless left, as Shaw noted, the problems of how ions penetrate red blood cells and how metabolic energy is used to control ionic movements largely unsolved. He addressed himself largely to the latter problem. The method used was that of finding ionic fluxes with radioactive tracers and seeing how these fluxes depended on the concentrations of ions. The picture of the red cell structure which Shaw used to interpret his results was one which is generally accepted now. He rejected the idea that the cell was a uniform jelly within which sodium and potassium were bound and thought of the cell as a sac bounded by a membrane and containing free sodium and potassium ions. On this view the properties of the membrane became of decisive importance and one of the most important parts of Shaw's work was the light it threw on its properties.
For cells suspended in media containing glucose Shaw found that the internal potassium flux increased rapidly as the external potassium concentrations rose to 10 mmol/1, and then increased more slowly and linearly with increasing potassium concentration. The outward potassium flux was independent of the composition of the suspending medium and proportional to the slope of the linearly rising potassium influx. H. H. Ussing had earlier derived an equation which related the inward and outward fluxes of an ion mi and moy the membrane potential E> the activity coefficient of the ion inside and outside the cell/i and f Q -and the concentrations of the ion inside and outside the cell ci and cQ:
where z i is the ionic valency, F the Faraday constant, R the gas constant and T the absolute temperature.
Assuming that E could be calculated from the chloride distribution ratio between inside and outside the cell, Shaw showed that, with glucose available, the linear component of the potassium influx and the potassium outflux of cells satisfied this relation. Acting alone these two flux components would give rise to a potassium distribution between cells and suspending media which was governed only by osmotic forces and the electrical asymmetry across the membrane. These flux components were called by Shaw the 'potassium leak'. His results showed that potassium ions behaved independently of each other in their passage across the cell membrane.
The potassium leak was remarkably small, its diffusion constant on the cell membrane was estimated by Shaw as being 6.3 x 10~23 cm2/h a figure which he compared with the diffusion constant of potassium chloride in water which 366 is 5.8 x 10-2 cm2/h. In a litre of his suspensions of red cells the potassium leak corresponded to that expected if the membrane had aqueous holes totalling in area only 17 000 [xm2 in a membrane area of 1000 m2. A consistent finding in Shaw's experiments was that of an overall outward movement of sodium from cells which had been kept overnight in cold storage. He showed that the extent of this movement depended on the external concen tration of potassium and was very small in media of low potassium concentra tion. These sodium movements resembled both in form and magnitude the non-linear component of potassium influx found when glucose was present in the suspending medium. This equivalence suggested to Shaw that sodium and potassium movements were linked in an ion-exchange pump and he suggested the model for the pump which is shown in figure 1. He supposed that there were in the membrane interconvertible compounds X and Y, that X could combine specifically with potassium and Y with sodium and that X was actively converted to Y at the inside surface of the membrane whilst Y was passively converted to X at the outside of the membrane. He described the model in mathematical form and showed that it could give a reasonably good fit to his results. Shaw himself was modest in his claims for he wrote that doubtless a large number of alternative models could be imagined which would satisfactorily account for these results. He only claimed for his model mathematical simplicity and the virtue of indicating lines of future research. In this he was amply justified for his ideas were increasingly respected, followed and adapted in succeeding years. After leaving Cambridge-although studies on red blood cells were continued there, particularly in the sustained and elegant researches of I. M. Glynn-Shaw himself turned to other material. His postgraduate studies had, however, established him as an exceptionally promising and dedicated research worker and had brought him against the physiological problems to which he was to devote the major part of his working life.
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The accumulation of iodine by seaweeds
With the use of nuclear energy and the consequent discharge of radioactive elements into rivers and into the sea, the accumulation of certain of these elements by animals and plants has become a subject of great practical impor tance in deciding the hazards of these radioactive wastes to man and so the permitted levels of their discharge. The United Kingdom Atomic Energy Authority has since 1947 supported a group of workers in the laboratory of the Marine Biological Association in Plymouth to study these problems and in 1955 Shaw took charge of this work. He decided not to make a superficial study of a wide range of substances but to concentrate his efforts on the state in seawater of one important constituent of radioactive waste, iodine, and its accumulation by seaweeds. It was already known that the seaweed on which he was mostly to work, Laminaria d i g , could accumu concentration 40 000 times that found in seawater, that the iodine inside weeds was mainly in the form of iodide and that there was a rapid liberation of iodine when iodide was added to the seawater around the weed. By very simple and elegant experiments Shaw obtained strong evidence for the hypo thesis that iodide uptake proceeds by: (1) the oxidation of iodide, (2) the diffusion of I 2 (or, more probably, its hydrolysis product HIO) into the tissues and, finally, (3) the reduction of the penetrant I 2 (or HIO) within the tissues. He showed, for example, that substances which prevented the formation of 12 (or HIO) prevented the uptake of iodine. This was true whether these substances acted by reducing iodine to iodide, as does thiosulphate, or by combining with iodine as do pyruvate and tyrosine. He disentangled the very puzzling interactions of light and 0 2 in affecting the uptake of iodide and, from his studies on the state of iodine in seawater, was able to show that iodine is almost certainly taken into the plant as HIO. Shaw completed this study by analysing the relation between respiration and iodide absorption. He found that the absorption by fresh summer Laminaria digitata was often accom panied by a fivefold increase of oxygen consumption. This large increase meant that his arguments on the stimulated metabolism were hardly affected by the plant's basal metabolism. He found that the iodide-stimulated respiration is connected with the oxidation of a carbohydrate-like substrate and that the latter process is rate-limiting for iodine uptake. The uptake of iodide seemed to be energetically very inefficient when related to the stimulated respiration. The ratio of three to six molecules of 0 2 per iodide ion absorbed greatly exceeded either the stoicheiometric requirement for the conversion of iodide to any known oxidation state as an inorganic compound and the ratio of J mol 0 2 per I ion required by an efficient accumulation system connected with electron transport. He concluded that only one or two of the reactions in the overall oxidation of each six-carbon carbohydrate unit was involved in iodide absorption and that one of these reactions was the rate-limiting process govern ing the oxidation.
Shaw's final mechanism to explain the accumulation of iodide by Laminaria which is shown in figure 2 is more completely proven than almost any com parable mechanism for the accumulation of any ion by any animal or plant. He noted that the uptake of iodide by algae appears to be very similar to that of the thyroid gland and that the mechanism for iodide uptake which he had so convincingly shown might well operate not only in seaweeds but also in the thyroid. The giant nerve fibres of the squid Shaw was soon taken on to the permanent staff of the Plymouth Laboratory but even before this happened he was naturally attracted to, and welcomed by, the distinguished group of physiologists which, during the 1950s and 1960s, worked in Plymouth every year between September and February on the giant nerve fibre of the squid Loligo forbesi. The nature of these nerve fibres had been firmly established in 1936 by J. Z. Young. A. L. Hodgkin, and A. F. Huxley with various collaborators, particularly with B. Katz and R. D. Keynes, had used them to transform our knowledge of the mechanism of nerve conduction. These workers had related changes in electrical properties of the nerve membrane to changes in permeability to, and movements of, specific ions.
Studies on giant nerve fibres are clearly of great relevance to important areas of physiology and biophysics and work on them has been energetically undertaken in a number of centres throughout the world. In Plymouth the squid were caught through the day by the research vessels Sula and Sarsia and generally brought into the laboratory in the afternoon. Work on the axons then continued usually until dawn of the following day yet those working on them were almost invariably in the laboratory by about 11 o'clock next morning preparing for the next night's work. To Trevor Shaw, living at home with a young family to care for, this regime was particularly arduous and only the great efforts of his wife Hannah to free him from domestic cares allowed him to devote himself so completely to the experiments in which he was so passion ately involved.
The perfusion of nerve fibres
By the autumn of 1960, with P. F. Baker, he had succeeded in what seemed to be the very unlikely task of obtaining nerve impulses from squid axons from which all the cell contents had been extruded and whose sheaths had been refilled with an artificial solution containing mainly potassium sulphate. The method which they used depended on squeezing the axoplasm from a nerve fibre with a roller, rather like a miniature garden roller.
Shaw first squeezed axoplasm 'like toothpaste from a tube' from half of a length of axon and showed that normal electrical properties could be restored to this length by rolling axoplasm from the remaining half into the extruded half. D r P. C. Caldwell remembers the circumstances which led to the initial experiments very vividly. He writes: 'We were drinking tea in the common room when Trevor, more or less out of the blue, asked me if anybody had done this experiment and with what result. I replied that as far as I knew they had not and that I thought it would be a good way of killing a perfectly good axon which would be better employed in other experiments. Trevor was however insistent in feeling that such an experiment should be carried out. Purely by chance the van brought up a living squid a few minutes later (even though there was no order for squid at this particular time). Since no one wanted it as there was no squid work on at the time I offered to dissect out one axon for Trevor to keep him happy and enable him to convince himself that his experiment would kill the axon. (He had not done any dissections of the axon at this time.) I gave him the axon and went home to supper convinced it was not worth waiting to see the result. Next morning I asked him what had happened and he replied that the axon had still spiked after the movement of the axoplasm. Never have I regretted an early night more!'
The first perfusions by Baker and Shaw gave occasional days of elation followed by several days of gloom depending on their success. Soon, however, with A. L. Hodgkin, they could report that more than 70% of the axons which they had treated with, as Trevor would say 'A squeeze rather than a caress', were excitable immediately after perfusion and about 60% of these axons remained excitable for 1-5 h. This made it possible to subject the current hypotheses on the mechanism of nerve impulse conduction to new and strin gent tests.
In two papers published in 1962 Baker, Hodgkin and Shaw showed that, with their improved perfusion technique, about 96% of an axon's content could be replaced by an artificial perfusion solution of mainly potassium salts and that such an axon remained excitable, had a normal resting potential and could conduct virtually normal impulses. Sometimes as many as 3 x 105 impulses could be elicited before the perfused axon became inexcitable. This was a striking confirmation of the view that the resting potential and the action potential are developed across the membrane of a nerve fibre. The assumption that the difference in potassium concentration between the fluid inside and outside the nerve membrane provides the main electromotive force generating the resting potential could now be tested directly. It was found that if identical solutions were placed on the two sides of the membrane the potential across the membrane fell to within 1 mV of zero and that resting potentials close to the normal value of 50-60 mV were obtained when the nerve lay in seawater and was filled with isotonic KC1 or isotonic K 2S 0 4. By placing KC1 isotonic with seawater outside the fibre (instead of seawater) and filling it with isotonic NaCl instead of the normal axoplasm it even proved possible to produce a reversed resting potential in which the inside of the fibre became 40-60 mV positive. Replacing the potassium of the internal solution by sodium reduced both the resting potential and the action potential. A general conclusion drawn from these experiments was that concentration differences of K and Na across the membrane normally provide the immediate source of energy for the impulse. By these and other experiments Baker, Hodgkin and Shaw also confirmed in a very direct way the conclusion, drawn from experiments on intact axons, that the action potential arises from transient changes in the membrane permeability to particular ions. Their results could readily be accommodated with the view that depolarization of the nerve membrane during the action potential causes increases in sodium and potas sium permeability because charged particles or carriers move to new positions in the membrane under the influences of the electric field. They did, however, impose severe restrictions on the alternative hypothesis that permeability changes are brought about by chemical reactions set in motion by the altera tion of the electric field across the membrane. To retain this latter view it now became necessary to suppose either that the reactants and catalysts are tightly bound to the membrane or that the chemical reactions occur behind perme ability barriers which allow ions to pass but prevent the reactants escaping into the axoplasm or external fluid.
Following this beautiful work, the technique of nerve perfusion became an everyday part of work on nerve fibres and, since 1960, numerous advances have been made possible by its use. Shaw himself exploited it to very good effect in later studies.
On the sources of energy for the ion-transport system
Although a nerve fibre could obtain the energy to propagate a large number of impulses by allowing a little sodium to enter the fibre and a little potassium to leave the fibre with each impulse, this process could not go on indefinitely for it would finally abolish the differences in concentration of sodium and potassium on which it depended and an essential part in the maintenance of the excitability of nerves is their ability to extrude sodium in exchange for potassium against the concentration gradients of these ions. Sodium or similar ion 'pumps' are necessary for the functioning of all living cells and are especially important in understanding the physiology of major organs including the heart, the brain and the kidney. The giant axon of the squid is one of the best preparations for the study of such pumps and a large part of the work on giant axons has concentrated on them.
When Shaw began his work it was known that inhibitors such as cyanide, dinitrophenol or azide caused a decline in the phosphagen and ATP (adenosine triphosphate) contained in the giant axons and also a decline in the rate of sodium extrusion. It seemed natural to suppose that ATP or some other energy-rich phosphate compound might provide the energy for maintaining the ion-transport system. This would have fitted the generally accepted view that ATP or some similar compound linked biochemical and physiological events in cells. With P. C. Caldwell, A. L. Hodgkin and R. D. Keynes, Shaw showed that the injection of energy-rich phosphate compounds restored normal ion transport to axons poisoned with cyanide or dinitrophenol. This led to further researches on the relation between ion transport and its energy sources.
One of the striking properties of ion transport in nerve is that the outflow of sodium ions from a normal fibre is reduced to about one-quarter by removing potassium ions from the external medium. It was clearly important to deter mine whether the sodium efflux which results from the injection of phosphate ester was sensitive to external potassium concentration. Shaw and his colleagues showed that the energy-rich compounds studied varied greatly in their effec tiveness. Surprisingly, injecting ATP only restored a small part of the fibre's ability to expel sodium and this part was insensitive to external potassium concentration. Arginine phosphate and phosphoenolpyruvate were much more effective and restored the much greater outflow of sodium which was sensitive to external potassium. Approximately 0.7 mol of sodium was extruded for each mole of energy-rich phosphate supplied. One other important observa tion was that neither ATP nor arginine phosphate had an effect when applied externally to fibres poisoned with cyanide.
These experiments seemed to give a special importance to arginine phos phate. This was surprising because work on isolated systems from nerve, red blood cells, brain, electric organ and kidney containing the membrane structures responsible for the active transport of sodium and potassium split ATP, the ATPase being activated by sodium and potassium. For a number of years Shaw returned to this problem in the autumn when squid were available in Plymouth.
With Caldwell, Hodgkin and Keynes, Shaw showed that although the native ATP disappeared on poisoning with cyanide, ATP reappeared in a few minutes in the axoplasm of cyanide-poisoned axons after either arginine phosphate or phosphoenolpyruvate was injected. These latter experiments did not answer the question as to why the injection of arginine phosphate or phosphoenolpyruvate could restore the full coupled sodium-potassium transport system of cyanide-poisoned fibres, whereas injected ATP could not do so. The injection of phosphoenolpyruvate was shown to restore not only ATP but also arginine phosphate in such a fibre.
The ratio of about 0.7 mol of sodium ejected for each mole of energy-rich phosphate supplied which had been found by Caldwell, Hodgkin and Keynes and Shaw turned out to be considerably lower than that found by P. F. Baker on crab nerve fibres. Shaw, with Baker, resolved this discrepancy by showing that, for nerves immersed in seawater, three-quarters of the energy-rich phos phatase activity lay in the axoplasm and that when energy-rich phosphate was injected into a cyanide-poisoned nerve about three-quarters would be broken down in the axoplasm leaving only one-quarter which might be used in the sodium pump associated with the nerve membrane. The revised Na : P ratio was about 3:1.
One possibility of explaining the unexpected greater effectiveness of arginine phosphate over ATP in restoring the sodium pump seemed to be that, although ATP was the immediate source of energy for the pump, the injected arginine phosphate was more effective than the injected ATP in producing a high ATP : ADP (adenosine diphosphate) ratio close to the membrane, and that a high ratio of these substances was necessary to restore the pump to full activity. At this time it was difficult to decide between the various possibilities because it was suspected that the various high-energy phosphate compounds came to equilibrium fairly quickly. This problem was greatly clarified first by F. J. Brinley and L. J. Mullins and a little later by Shaw with P. F. Baker, Rachel F. Foster and D. S. Gilbert.
Brinley and Mullins succeeded in dialysing the axoplasm of giant axons in situ so preventing the rapid transformation of an injected energy-rich phosphate compound to other forms. They showed that ATP alone of such compounds could maintain a high sodium efflux which was sensitive to external potassium and ouabain. Shaw and his colleagues showed that a similar sodium transport could be maintained by ATP in perfused axons for a long period provided that dextran was present and the total osmotic pressure and the hydrostatic pressure of the perfusate were controlled.
Some of Shaw's experiments were so ingenious that it was a delight to learn about them even when they had not worked as well as they deserved. One such experiment was carried out with K. Martin. On thermodynamic grounds Shaw and Martin argued that if the sodium pump derives its energy from the breakdown of ATP then it ought to be possible to drive the pump backwards and produce ATP by increasing the gradient of sodium ions against which the pump worked. Now ATP is the fuel used by the firefly to produce its light and Shaw and Martin had the happy, if bizarre, idea of trying to demonstrate reversal of the pump by injecting a suspension of dried firefly tails into single giant nerve fibres and then looking for a glow of light under conditions in which the pump was expected to run backwards. Because of various complications this experiment did not work but the reasoning was sound and reversal of the pump was shown later in another tissue. Shaw and Martin found that the few per cent of axoplasm left behind after extrusion of axoplasm contained some ATP which was exhausted after giving a glow lasting 1-3 minutes but that, after this initial 'flash' had died away, a secondary produc tion of light could be induced if the perfusion was halted and either glutamate or aspartate and AMP (adenosine monophosphate) were present in the per fusing fluid. This light could be greatly reduced by replacing sodium in the external medium by either lithium or choline. They concluded that there must be an enzyme, probably membrane bound, capable of generating ATP by oxidative phosphorylation.
The number of sodium channels in nerve membrane
In the middle 1960s it was generally believed that the very striking but transient increase in the permeability of the nerve membrane to sodium at the beginning of the nerve impulse was caused by the opening of channels in the membrane through which sodium could pass preferentially. W. K. Chandler and H. Meves had calculated on the basis of voltage clamp data that there were probably no more than 100 sodium channels/pm2 of axon surface. During a short stay as a visiting Professor at Duke University, North Carolina, U.S.A., Shaw in collaboration with J. W. Moore and T. Narahashi succeeded in estimating this number by an entirely different method. This was based on finding the amount of the very selective poison, tetrodotoxin, taken up by nerves when sodium entry on stimulation was blocked by this substance. Their method was simple. They immersed a number of lobster nerve trunks in succession in a very small quantity of a solution of artificial seawater containing tetrodotoxin and observed the effect of this drug on the excitability of the nerves. They found that the blocking effect of the residual drug on the seventh nerve trunk immersed in a solution of volume 50 pi con taining initially 300 nM tetrodotoxin was still greater than the effect of a solution containing tetrodotoxin in a concentration of 100 nM. They argued that the seven nerves weighing 159 mg must have decreased the concentration of tetrodotoxin by less than 200 nM. From the estimated area of nerve mem brane in these nerves they calculated that the upper limit to the number of sodium channels (assuming that one molecule of tetrodotoxin could block one sodium channel and that no tetrodotoxin was wasted by combining with sites not concerned with sodium channels) was only 13 channels/pm2 of axon surface so that as they write: 'In terms of molecular dimensions the channels must be rarities in the membrane. ' This elegant method of estimating the density of sodium channels has been repeated with improved techniques by other workers on other nerves and this general conclusion amply confirmed.
Experiments on visual photosensitive pigments
Shaw's first work on visual pigments was with E. J. Denton and concerned the nature of these pigments in some deep-sea elasmobranchs. These had been caught in unexpectedly large numbers by long line fishing by G. R.
Forster from R.V. Sarsia. Three species of shark were studied and all were found to have golden-coloured photosensitive retinal pigments similar to those of most of the deep-sea teleosts. One of them, Centroscymnus , had a visual pigment absorbing maximally at a wavelength of 472 nm, the lowest such wavelength found up to that time for a principal scotopic visual pigment. This pigment is now known to be almost identical to that of a 'fossil' fish, the coelacanth, an animal which was studied in 1972 by H. J. A. Dartnall during a Royal Society expedition to the Comores. Although the pigment extracts made by Denton and Shaw were of unusual purity their experiments were only part of a tidying-up operation. This could certainly not be said of Shaw's next venture. His work on the processes of excitation in nerve had caused him to speculate on the possible movements or changes in shape of molecules which might explain rapid increases or decreases in membrane permeability such as those shown by nerve membranes when transmitting impulses. He thought that a study of the changes in the structure of visual pigments caused by light might well illuminate this problem which is one of very general interest to physiologists. It was known that a visual sensation in man could be produced by the absorption of only a few photons by the rhodopsin contained in a group of associated retinal rods and that this absorp tion did not lead to chain reactions breaking down many more molecules of rhodopsin. It seemed therefore evident that changes caused by light in single rhodopsin molecules in the ordered structure of a rod must be amplified in some way and turned into a change in the potential across some associated membrane. G. Wald and Ruth Hubbard and their collaborators at Harvard had earlier made some outstanding advances in our knowledge of the visual processes. They had shown that rhodopsin is formed by the spontaneous combination of the 11-m form of retinal (vitamin A aldehyde) with opsin (the protein part of the rhodopsin molecule) and that on exposure to light the retinal was isomerized to an all-trans form which broke away from the opsin. Since the sensation of vision was thought to be given long before the retinal and the opsin parts of the rhodopsin molecule separated completely, Shaw decided to look for early changes in shape of the protein part of the rhodopsin molecule following the action of light. His first experiments were made in 1962 with F. Crescitelli at the University of California in Los Angeles. For the visible region of the spectrum they measured the difference in absorption of left-and right-handed circularly polarized light by extracts of visual pig ments. They were led to this by learning of some interesting discoveries made by L. Stryer and E. R. Blout published in 1961. These workers had noted that a coloured dye like acridine orange, itself optically inactive, could give a strong Cotton effect when bound to a polypeptide possessing an a helical secondary structure. The Cotton effect, named after A. Cotton, is concerned with two forms of related optical activity: (a) a preferential absorption of either left or right circularly polarized light, i.e. circular dichroism, and (b) a characteristic variation in the plane of linearly polarized light in the region of absorption, i.e. optical rotatory dispersion. The forms of optical activity studied by Stryer and Blout, in which an optically inactive compound is induced to asymmetry by an asymmetric environment, are called 'extrinsic circular di chroism' and 'extrinsic rotatory dispersion'. (When the asymmetry is an inherent feature of the molecule the terms 'intrinsic circular dichroism' and 'intrinsic optical rotatory dispersion' are employed.) At first Shaw and Crescitelli examined the possibility that extrinsic circular dichroism might appear when the optically inactive retinal combines with the protein part of the visual, pigment molecule. They produced circularly polarized light by placing a sheet linear polarizer and a plastic quarter-wave plate in combination in the beam of an old Beckman spectrophotometer. Their experiments were tedious and fatiguing but they did show for the first time that visual pigments absorb lefthanded circularly polarized light more strongly than right-handed light. The spectrum of circular dichroism found for rhodopsin showed two bands of activity associated with the a, and j3 absorption bands of the vi respectively. Even more significant was their finding that after exposure to light this dichroism disappeared before retinal and opsin separated. This suggested a preliminary loosening of the rigid attachment of the chromophore to the protein. These discoveries made with simple apparatus have been amply confirmed by expensive modern recording dichrographs. Although the differ ence in optical density of left and right circularly polarized light divided by the optical density of the pigment of either form was only about 5 x 10~4 it was nevertheless a particularly large effect for this kind of molecule. Shaw and Crescitelli worked not only with rhodopsins, but also with a vitamin A2-based porphyropsin. The latter substance was positively circular dichroic but the circular dichroic had a weaker j8 band. On his return to Britain, Shaw maintained his interest in this field and with Crescitelli and Rachel Foster greatly extended our knowledge. They showed, for example, that the circular dichroism was a characteristic of the visual pigments in situ within the external segments of rods as well as of extracts of such pigments. With W. F. H. M. Mommaerts, Shaw and Crescitelli later employed a recording dichrograph to examine the intrinsic circular dichroism of the opsin in the amide bond absorp tion of the protein in the far ultraviolet. They demonstrated a complex circular dichroism spectrum which was in agreement with the circular di chroism given by proteins having an oc helical conformation. This circular dichroism was also significantly reduced when the pigment absorbed light. By this work Shaw and his colleagues provided the basis of the present work of investigators in Japan, in the U.S.A. and elsewhere who are using circular dichroism as a tool to examine the effects of light on visual pigment molecules. By 1972 Shaw was able to bring together an account of this work and assess its significance and promise in a lucid and careful review published in the Handbook of sensory physiology (1972) . It had then become clear that the loss of circular dichroism occurred fairly early in the series of events following the absorption of light by a visual pigment and the possibility that the conforma tional change this indicated might be involved in the stimulation of rods remained open.
On the buoyancy of marine animals
In 1957, with the help of a grant from the Royal Society, I spent a happy month with Trevor Shaw working at the Marine Station at Villefranche sur Mer on the south coast of France. For both of us perhaps the most memorable part of this visit was the journey to and from Villefranche with nine people, four adults and five children in one small car.
Villefranche had been chosen because oceanic animals could be caught in seawater undiluted to any significant extent by the run-off of freshwater from the land. We were anxious to test the hypothesis that the innumerable gela tinous animals of the sea owed their buoyancy to the simple mechanism of excluding some of the heavier ions of seawater, notably sulphate, from their body fluids and replacing these ions by lighter or osmotically more effective ions such as chloride. The experiments were, in principle, simple. They con sisted of centrifuging whole animals on a high speed centrifuge to separate their heavier and lighter components, measuring the volumes of and densities of these components and then analysing them. Before we began these experi ments I had pointed out to Trevor that the precision of the density bottle measurements which was required for this study was better than that said to be possible in a standard textbook of physics but he was quite sure that he could make measurements of the precision needed and soon showed me how to do this.
The results of the Villefranche experiments were quite clear. For five kinds of gelatinous marine animals, medusae, ctenophores, tunicates and heteropod and pteropod molluscs, the whole animals were usually either close to neutral buoyancy or positively buoyant. This buoyancy could be quantitatively explained in terms of the salt composition of the animals' body fluids. These were always isosmotic with seawater but contained less sulphate and more chloride, and also generally less magnesium and calcium but more sodium than seawater. In all of the animals studied the buoyancy in seawater mainly depended on excluding some sulphate from the body fluids and replacing this anion by chloride.
Our next venture in this field was undertaken with J. B. Gilpin-Brown and began on a cruise aboard the Plymouth Laboratory's research vessel Sarsia. We noticed that deep sea squid of the family Cranchidae were almost exactly neutrally buoyant and could remain almost motionless in mid-water without effort. Dissection and further experiment showed that they achieved neutral buoyancy by storing in their coelomic cavities relatively immense volumes of a solution isosmotic with seawater but containing largely ammonium chloride instead of sodium chloride. The volume of this coelomic fluid amounted to about two-thirds of the animal's total volume and the concentration of ammonium was approximately half molar. Later work showed that this buoy ancy mechanism was used by at least six families of oceanic squid including some of the most numerous squid in the sea and also the legendary giant squid Architeuthis.
The amount of ammonium involved in this buoyancy mechanism is very large in relation to the likely metabolism of these animals. To achieve neutral buoyancy they probably have to store about 40% of all the ammonium which they produce as the end product of protein metabolism during their lives. It does not seem possible for them to use changes in buoyancy as a method of changing depth in the sea. The strongly ammoniacal fluids found in these animals are very acid (pH about 5) and the accumulation and retention of ammonia within special compartments in their bodies probably depends on this high acidity.
Movement in a ganglion
At the time of his death Trevor Shaw was actively developing at Queen Mary College, with Barbara J. Newby, a very ingenious and promising tech nique for studying the movements of sub-cellular particles within cells. He had always been quick to see the possibilities for physiological research given by recent advances in technique in other fields of science and had been much struck by some results of N. A. Clarke, J. H. Lunacek and G. B. Benedek who had studied the scattering of laser light. The image of scattered laser light appears granular and if the scattering centres are moving, then the image appears to twinkle. The twinkling, or noise, arises because the monochromatic laser light is changed in frequency by Doppler shifts due to the movement of the light scattering particles. This causes 'light beats' analogous to the beats noticeable with sound waves. It seemed likely to Shaw that this pheno menon could be used to study the Brownian movement of presynaptic vesicles within living nerve cells.
As always Shaw had a plausible hypothesis to test. This was based on the observations of A. L. Hodgkin and B. Katz that the axoplasm of giant nerve fibres is a gel which is liquified by 0.5 mM Ca2+ and his own finding, with D. S. Gilbert, that axoplasm could be regelled by a Ca2+-free medium con taining EGTA [ethyleneglycol-bis-(j3 aminoethyl ether)-iV,iV'-tetra acetic acid].
It was known, largely from the work of B. Katz and his colleagues, that the transmission of excitation from nerve to muscle, and from one nerve to another, depends on a very great increase in the rate at which vesicles containing trans mitter substance (e.g. acetyl choline) are liberated from the exciting nerve terminals when these are depolarized. Shaw supposed that the presynaptic vesicles could only be liberated from nerve terminals when they came into contact with the presynaptic nerve membrane. He further supposed that the frequency of such contacts, and hence the rate of transmitter release, would increase if the viscosity of axoplasm was lowered as a result of calcium entry during depolarization. He argued that if this happened this depolarization would be accompanied by an increase in Brownian movement of the presynaptic vesicles and therefore an increased twinkling of a laser image.
In the short time available before his untimely death, Shaw with Barbara Newby showed that helium-neon laser light scattered by locust ganglia showed a slow movement of the granularity of the image but that when the Na+ of 378 the Ringer solution was replaced by K + (depolarizing the nerve membrane) the image displayed, as Shaw's hypothesis would suggest, a rapid shimmer or twinkle. The effect was reversible and could be greatly reduced by having EGTA in the bathing solution.
Whatever the final explanation of the mechanism of release of synaptic transmitter substance, it does seem likely that the method of light beats using laser light introduced by Shaw will be a powerful tool for biologists who wish to explore the movements of structures otherwise only detected by electron microscopy.
L ast thoughts
Trevor Shaw was modest about his considerable achievements for he had high standards and noble ambitions. Coming from a railway family he often admired the great railway bridge across the Tamar and the simple words on it of 'I. K. Brunei Engineer' and said: 'That's the kind of memorial to leave behind.' Not that he wished to be an engineer. He was a physiologist and could scarcely imagine himself being anything else. He would, he said, be quite happy with the memorial 'T. I. Shaw Physiologist' for in that word was included the science he loved and the friends and collaborators like Sir Alan Hodgkin and John Treherne whom he admired and loved. That memorial is certainly his not only for his brilliant discoveries on red blood cells, on seaweeds, on nerve cells, on visual pigments and on flotation but for the impetus which he gave to the researches of his students and colleagues. My own debt is very great. He was a splendid scientist and a dear, direct, warm, humorous and sincere man. Intelligence and generosity of spirit were com bined in him to an exceptional degree and he was most happily suited to that extraordinary mixture of creative and cooperative effort which is the special glory of science.
I am greatly indebted to Mrs Hannah Shaw and to Dr P. C. Caldwell, Dr F. Crescitelli, Dr D. S. Gilbert, Dr I. M. Glynn and Dr J. E. Treherne for most helpful information.
The photograph is by G. Argent. 
